ABSTRACT Binding isotherms have been determined for the association of horse heart cytochrome c with dioleoyl phosphatidylglycerol (DOPG)/dioleoyl phosphatidylcholine (DOPC) bilayer membranes over a range of lipid compositions and ionic strengths. In the absence of protein, the DOPG and DOPC lipids mix nearly ideally. The binding isotherms have been analyzed using double layer theory to account for the electrostatics, either the Van der Waals or scaled particle theory equation of state to describe the protein surface distribution, and a statistical thermodynamic formulation consistent with the mass-action law to describe the lipid distribution. Basic parameters governing the electrostatics and intrinsic binding are established from the binding to membranes composed of anionic lipid (DOPG) alone. Both the Van der Waals and scaled particle equations of state can describe the effects of protein distribution on the DOPG binding isotherms equally well, but with different values of the maximum binding stoichiometry (13 lipids/protein for Van der Waals and 8 lipids/protein for scaled particle theory). With these parameters set, it is then possible to derive the association constant, K r , of DOPG relative to DOPC for surface association with bound cytochrome c by using the binding isotherms obtained with the mixed lipid membranes. A value of K r (DOPG:DOPC) ϭ 3.3-4.8, depending on the lipid stoichiometry, is determined that consistently describes the binding at different lipid compositions and different ionic strengths. Using the value of K r obtained it is possible to derive the average in-plane lipid distribution and the enhancement in protein binding induced by lipid redistribution using the statistical thermodynamic theory.
INTRODUCTION
Basic peripheral proteins are bound to membranes largely by electrostatic forces mediated by the negatively charged lipid component in the membrane (Sankaram and Marsh, 1993) . Of considerable interest with respect to the membrane is the extent to which negatively charged lipids are recruited to the vicinity of the protein (Fig. 1, middle) , which potentially could give rise to formation of in-plane membrane domains. Additionally, a redistribution of the lipids will enhance the apparent binding affinity of the protein relative to that for a random lipid distribution in membranes of heterogeneous lipid composition. The maximum degree of protein binding is expected for a complete demixing of charged and zwitterionic lipid components in the membrane, possibly in pre-existing domains (Fig. 1,  bottom) . On the other hand, dissociation of lipid domains, or any process that causes a transition toward a more homogeneous lipid mixture (Fig. 1, top) , will decrease the extent of protein binding and hence affords a means for controlling the membrane-protein association. The latter is of functional significance for, e.g., the activation of protein kinase C (Mosior and Newton, 1995) . The three limiting cases of different lipid distributions are illustrated schematically in Fig. 1 . Domain formation on binding basic proteins or peptides has been observed both in natural membranes and in lipid membranes containing charged and zwitterionic species using fluorescence microscopy (Rodgers and Glaser, 1991; Haverstick and Glaser, 1989; Yang and Glaser, 1995) . The large size of the domains relative to the negatively charged lipid content in these cases suggests, however, that they are stabilized by long-range effects rather than by a direct local selectivity for a particular lipid type (Kleinschmidt and Marsh, 1997; Ben Tal et al., 1996) . Investigation of the assembly of the latter type of domains and of small, localized domains in general still poses a considerable challenge.
Selectivity for the interaction of negatively charged lipids with peripheral basic proteins and peptides has been observed by spectroscopic techniques in mixtures with zwitterionic lipids (Sankaram and Marsh, 1993) . For example, selectivity series have been established for the perturbation of different spin-labeled lipid species at probe amounts in negatively charged lipid membranes to which peripheral proteins are bound (Sankaram et al., 1989a,b; 1990) . Preferential interaction of cytochrome c with cardiolipin has been found by solid-state 31 P-NMR of mixtures with zwitterionic lipids (Pinheiro and Watts, 1994) . Somewhat similarly, a preferential interaction of cardiotoxin II with phosphatidylglycerol relative to phosphatidylcholine was found (Carbone and Macdonald, 1996) . In this latter case, resolution of the two lipid components was sufficient to permit the construction of relative binding curves for the two lipids from the NMR data. Using 2 H-NMR, a preferential interaction of the peptide pentalysine with phosphatidylserine has been observed relative to phosphatidylcholine (Roux et al., 1988 ). Fluorescence energy transfer measurements have also indicated a demixing of phosphatidylglycerol and phosphatidylcholine on binding a basic gp40-derived peptide to mixed lipid membranes (Gawrisch et al., 1995) .
Although these spectroscopic measurements provide direct evidence for a selectivity in interaction of different lipid species with peripheral proteins, most do not themselves yield quantitative information on the lipid distribution. Nor, with one notable exception (Carbone and Macdonald, 1996) , are they capable of yielding estimates for the relative association constants of the different lipids without making certain ad hoc assumptions. To determine the surface association constants, it is necessary to perform experiments that are directly related to the thermodynamics of the interaction. One such way, used here, is to determine the protein binding isotherms with mixed lipid systems.
In the present work we have focused on the binding of cytochrome c to mixed lipid membranes composed of dioleoyl phosphatidylglycerol (DOPG) and dioleoyl phosphatidylcholine (DOPC). Phosphatidylglycerols and phosphatidylcholines of identical chain compositions are known to mix almost ideally at neutral pH in the absence of proteins or divalent metal ions (Findlay and Barton, 1978; Garidel et al., 1997) . Therefore, their in-plane distribution should respond optimally to the binding of peripheral proteins, according to their intrinsic relative affinities for association with the protein.
Previously, we have been able to describe the ionic strength-dependence of cytochrome c binding to membranes composed wholly of a single negatively charged lipid-species by using electrostatic double layer theory, when allowance is made for the distributional free energy of the surface-bound protein using the Van der Waals equation of state (Heimburg and Marsh, 1995) . Here, we show that this is equally possible if scaled particle theory for hard discs is used to describe the protein distribution (cf. Chatelier and Minton, 1996) . The effective lipid/protein stoichiometry at maximum binding is, however, different in these two cases. On this basis, it is then possible to predict the extent of protein binding to mixed lipid membranes for a given surface distribution of the negatively charged and zwitterionic components. The latter is determined by deriving a statistical thermodynamic expression for the distributional free energy that is characterized by the relative association constant for the two lipids. Somewhat different approaches to this latter problem have been used previously (Cutsforth et al., 1989; Mosior and McLaughlin, 1992a; Carbone and Macdonald, 1996) . The advantage of the present method is that it leads directly to analytical expressions for the mean lipid distribution over the complete range of protein binding occupancies.
In this way, it has been possible to give a consistent interpretation of all of the cytochrome c binding isotherms obtained at different ionic strengths and different lipid compositions, with the same value for the surface association constant of DOPG relative to DOPC.
MATERIALS AND METHODS
Cytochrome c (type VI, oxidized form, Sigma Chemical Co., St. Louis, MO) was used without further purification. DOPG and DOPC (Avanti Polar Lipids, Birmingham, AL) were shown to be pure on thin layer chromatography and were used without further purification.
Lipids were mixed in a dichloromethane/methanol mixture and dried under nitrogen and in a vacuum desiccator. Lipid dispersions (10 mg/ml) and protein solutions (20 mg/ml) were prepared in distilled water. Various amounts of protein solution were added to 0.1 or 1 mg of lipid, respectively, under conditions of minimal ionic strength (i.e., of maximum binding strength). The lipid-protein mixtures were then diluted to a total volume of 6.0 ml (corresponding to 210 M lipid) with 2 mM Hepes, 1 mM EDTA buffer at pH 7.5, and various concentrations of NaCl in the range of 40 -100 mM. The NaCl concentration was adjusted after mixing cytochrome c and DOPG in the absence of salt in order to avoid any changes in the accessibility of the protein to the lipid (e.g., multilayer formation) that might occur at higher salt concentrations (Heimburg and Marsh, 1995) . The lipid-protein mixtures were then equilibrated at room temperature for 48 h to allow for redistribution of protein from the membrane surface into the buffer. To check on accessibility of the protein to lipid in mixtures containing DOPC, the hydrated lipid-protein mixtures were subjected to sonication in a Branson bath sonicator. This produced no change in the degree of protein binding. Dispersing the lipid in proteincontaining buffer did not change to the extent of binding to DOPG alone, but this preparation protocol was unsuitable for DOPC-containing samples because free protein was trapped, presumably in vesicular structures. The ionic strength was calculated including the counterions of the Hepes and the EDTA in the buffer, a contribution corresponding to 4 mM Na ϩ . All preparations were under either argon or nitrogen in order to avoid oxidation of the unsaturated lipid chains.
The lipid-protein complexes were separated from the protein free in solution by centrifugation (Beckman L7-55, Ti-50 rotor, 50000 rpm, Beckman Instruments, Fullerton, CA.) for 1 h for samples of high ionic strength and 2 h for samples of low ionic strength. No lipid phosphate was detectable in the supernatant after ultracentrifugation, demonstrating complete resolution of the lipid-protein complex. The concentration of free protein was determined from the spectrophotometric extinction of cytochrome c at 546 nm and 410 nm in the supernatant. All protein other than that in the supernatant was assumed to be bound to the lipid membranes.
THEORY
A general statistical thermodynamic expression for the binding isotherm is (Heimburg and Marsh, 1995) :
where ͗i͘ is the mean number of ligands bound to the surface, [L] is the free ligand concentration, K 0 is an intrinsic binding constant, and ⌬F(i) is the overall free energy change on binding i ligands. The binding isotherm is completely determined if the dependence of the change in free energy, ⌬F(i), on the surface occupancy, i, is known. For binding to homogeneous charged lipid membranes, the total free energy change is given by ⌬F(i) ϭ ⌬F el (i) ϩ ⌬F D (i), where ⌬F el (i) is the electrostatic contribution and ⌬F D (i) is a distributional term that depends on the surface configuration of the ligands and the lateral interactions between them, including steric repulsion and nonelectrostatic interactions. In the case of binding to inhomogeneous surfaces (for example, a mixed lipid membrane with lateral inhomogeneities in the lipid distribution), the additional term ⌬F LD (i) is included that reflects the change in lipid distribution on ligand binding (see later).
The protein distributional free energy, ⌬F D (i), is given by the work done to compress the proteins to their local equilibrium surface density. Describing the protein distribution as a two-dimensional van der Waals (VdW) gas on the surface, the distributional free energy is given by (Heimburg and Marsh, 1995) :
where n is the maximum number of ligands that can be bound to the surface in a single layer and a is an empirical parameter that describes the interaction between ligands on the surface. Attractive interactions correspond to a Ͼ 0 and repulsive interactions to a Ͻ 0. Alternatively, describing the protein distribution by scaled particle theory (SPT) (Reiss et al., 1959) leads to the following expression for the distributional free energy, derived from the SPT equation of state for hard circular discs (Helfand et al., 1961) :
The van der Waals gas model gives a first-order approximation for the distributional free energy. Compared with SPT, which is known to overestimate the hard-disc pressure somewhat (Boublík, 1975) , the Van der Waals approximation underestimates the repulsive free energy term, especially in the case of asymmetric ligands (Chatelier and Minton, 1996) . The data obtained here for cytochrome c, which is an approximately symmetrical ligand, are analyzed equivalently in terms of both formulations.
Binding to a homogeneous charged surface
A mixed lipid membrane with a uniform distribution of the charged component that remains unchanged on binding of the protein ligand (see upper part of Fig. 1 ) is considered first. The electrostatic contribution to the free energy may be expressed in terms of Gouy-Chapman double layer theory. The electrostatic free energy of a charged surface in an electrolyte is then given by (Jähnig, 1976) :
where q is the overall charge on the surface, is the charge density, c is the ionic strength, and ⌳ 0 is a constant (see Heimburg and Marsh, 1995) . A basic protein with effective charge ϩZe is assumed to bind to a homogeneously mixed lipid membrane consisting of negatively charged and uncharged lipid species A and B, respectively. The membrane consists of n␣ lipids with fraction f A of the negatively charged component, where ␣ is the number of lipids covered by a single protein. If i proteins are bound to the surface which bears a total lipid charge of Ϫn␣f A e, the net charge and charge density of the membrane are, respectively:
where a 0 is the surface area per lipid. From Eqs. 1-5, the binding isotherm for a uniformly charged mixed lipid membrane in the Van der Waals approximation (Eq. 2) is given by (cf. Heimburg and Marsh, 1995) :
whereas the corresponding isotherm obtained by using SPT (i.e., Eq. 3) for the ligand distribution is (cf. Chatelier and Minton, 1996) :
where ϭ i/n is the degree of surface coverage by the protein ligands. K(0, f A ) is an intrinsic binding constant that depends on the effective charge of the ligand Z and the fraction of charged lipid f A :
where the dependence on the ionic strength, c, is given explicitly. K(0) is the intrinsic binding constant for a membrane consisting solely of charged lipids, and ⌳ 1 , ⌳ 2 , and ⌳ 3 are constants that depend on the size of the ligand, the lipid cross-sectional area, and the temperature (see Heimburg and Marsh, 1995) . These expressions for binding to a uniformly charged mixed lipid membrane without lipid redistribution are very similar to those for a membrane consisting solely of charged lipids. They differ from the latter only in that the charge density of the lipid surface is reduced by a constant factor f A .
Binding to a surface with complete lipid demixing
The simplest case of a heterogeneously charged surface corresponds to total demixing of the charged and uncharged lipid components into macroscopic domains (Fig. 1, bottom) . In this case, binding takes place only to the charged lipid domains with a total size of f A n␣ lipids, where f A is the fraction of charged lipid. Binding to these regions is of equal strength to the binding to membranes consisting wholly of charged lipids (characterized by f A ϭ 1 in the above equations). The binding isotherms for membranes with complete lipid demixing are therefore given by Eqs. 6 -8, in which ϭ i/n is replaced by i/(n ⅐ f A ) and f A is replaced by f A ϭ 1 at each occurrence. Here it is assumed that the size of the macroscopic domains of the charged lipid is much larger than the Debye length that characterizes screening of long-range electrostatic interactions by the electrolyte.
Lipid redistribution upon ligand binding
In general, the negatively charged lipids will redistribute in the plane of the membrane in response to protein binding ( Fig. 1, middle) . The case considered here is one in which the charged and uncharged lipids mix ideally in the absence of bound ligand. Formally, the binding can be considered as a two-step process (Cutsforth et al., 1989; Mosior and McLaughlin, 1992a) . The ligand first absorbs to the homogeneously charged surface with statistical arrangement of lipids. Then successive rearrangements of the lipids take place in the membrane plane, resulting in the free energy change ⌬F LD (i). The first step is described by Eqs. 6 -8. The second step will be described by the mass action law and the change in mixing entropy resulting from the accompanying lipid redistribution, which is given by the appropriate combinatorial term.
For the competitive lipid binding to a protein P at the surface of a membrane consisting of two lipid species A and B,
the relative binding constant is given by:
where f A is the fraction of total lipid that is of type A and is the fraction of the total lipid to which protein is bound. The relative binding constant K r (Ͼ1) describes the preference of the protein for the charged lipid species A over the uncharged lipid species B. The fraction, f A b , of lipids that are of type A and to which protein is bound is given from Eq. 9 by:
where the negative sign of the square root ensures that f A b ϭ 0 for ϭ 0 or f A ϭ 0 (K r Ͼ 1).
The change in free energy arising from the lipid redistribution on binding of the protein can be obtained from the partition function for the system of N ϭ n␣ lipids of which
where N ϭ N is the total number of lipids to which protein is bound and N ,A ϭ f A b N is the number of these lipids that are of type A. (It is assumed that all lipid sites associated with the protein are equivalent and noninteracting.) The combinatorial term ⍀ N ,A is given by the number of ways for distributing N ,A lipids of type A among the N protein association sites and N A Ϫ N ,A lipids of type A among the N Ϫ N sites in the remaining lipid matrix:
As shown in the Appendix, this statistical thermodynamic formulation (Eqs. 11 and 12) is consistent with the mass action formulation given by Eq. 9 above. The change in free energy upon lipid redistribution is given by the difference from the reference state in which the lipids are homogeneously distributed, i.e., from Eq. 11:
where N ,A o ϭ f A N is the number of lipids of type A to which protein is bound in the absence of lipid redistribution. In Eq. 13, the partition function is represented by its largest term. For large N, the factorials in the combinatorial terms can be approximated by Stirling's formula (i.e., ln N! ϭ N ln N Ϫ N). The derivative of the resulting expression for the change in free energy with respect to the number i of proteins bound is then given by:
where the identity d/di ϭ 1/n has been used and f A b is given by Eq. 10.
The isotherm for binding to a mixed lipid membrane in which the charged and uncharged lipids initially are homogeneously distributed is then given in the Van der Waals approximation by (cf. Eqs. 1 and 6):
and the corresponding result using the SPT is given by (cf. Eqs. 1 and 7):
where f A is the fraction of charged lipid and the final term that represents the lipid redistribution upon protein binding is given by Eq. 14. For the initial stages of ligand binding (i.e., 3 0), the limiting case of Eq. 14 is given by:
The corresponding expression for the binding isotherm at low degrees of surface coverage is given by (cf. Eqs. 15 and 16 with Ͻ Ͻ 1):
where the second identity defines an "intrinsic" equilibrium constant, K LD (0, f A , K r ), for the lipid redistribution at low degrees of protein binding. For the two limiting cases of f A ϭ 1 and f A ϭ 0, K LD (0, f A , K r ) is equal to unity (see Fig. 2 ).
At intermediate values of f
is greater than unity and reaches a maximum at f A max ϭ 1/ln K r Ϫ 1/(K r Ϫ 1) because lipid rearrangement is energetically favorable whenever K r Ͼ 1.
The limiting form of the binding isotherm for low degrees of surface occupancy (Eq. 18) has considerable practical utility because it allows determination of the basic parameters of the system from the initial slopes of the binding isotherms. For a membrane consisting wholly of charged lipids, the intrinsic binding constant K(0, f A ), i.e., K(0), can be determined for f A ϭ 1. The value of K(0, f A ) for mixed lipid membranes, in which f A Ͻ 1, can then be predicted from Eq. 8. Measurements on the mixed lipid membranes FIGURE 2 Dependence of the equilibrium constant for lipid redistribution, K LD (0, f A , K r ), on the fraction, f A , of charged lipid in mixed membranes. The dependence is calculated from Eq. 18 for relative binding constants K r ϭ 3.5 (full line), 3.0 (dashed line) and 2.5 (dotted line), and ␣ ϭ 11.9. then allow K LD (0, f A , K r ), and hence the relative lipid binding constant K r , to be determined from the identity given in Eq. 18. To obtain the latter (i.e., K r ), it is necessary to know the lipid/protein binding stoichiometry, ␣, which is obtained from the saturation behavior at high protein concentrations for the single lipid system.
RESULTS
Binding isotherms have been measured for the association of cytochrome c with DOPG:DOPC mixed lipid membranes containing different mole fractions of DOPG. This has been done in order to determine the effects of protein binding on the lateral distribution of the charged lipid component in the membrane. Experiments have been performed for membranes of different DOPG contents and at two different ionic strengths in order to check the predictions of the model used to determine the degree of lipid redistribution on binding, which yields the relative affinities of the lipids for the protein. First, however, it is necessary to determine the ionic strength-dependence of the initial binding in order to determine the effective charge on the protein that characterizes the long-range electrostatic interactions according to double-layer theory (cf. Heimburg and Marsh, 1995) . The effective protein charge parameterizes the idealized electrostatic double-layer theory in terms of the experimental system under study. In particular, this makes allowance for the finite size of the protein ligand relative to the Debye length that characterizes the ionic screening, and for the discrete nature of the protein charge distribution on the membrane surface.
Initial binding
The binding constants for the initial stages of binding at low ligand concentration were obtained over a range of ionic strengths from [Na ϩ ] ϭ 40 mM upwards, in which region the isotherms are monophasic (cf. Heimburg and Marsh, 1995) . These values are defined experimentally as [cyt.c bound ]/[cyt.c free ] ⅐ [lipid], which differ only by a fixed factor ␣ (corresponding to the size of the protein binding site) from those defined in the theoretical section. The data are given in Fig. 3 as a function of ionic strength for membranes of DOPG alone and for mixed membranes composed of DOPG:DOPC (60:40 mol/mol). A linear dependence is obtained in the double logarithmic plot, as predicted from Eqs. 8 and 18, for both membrane systems. Numerically, the dependence obtained for membranes composed of DOPG alone is given by (cf. Eq. 8):
where the univalent cation concentration, c, is referred to a standard state c o ϭ 1 M, yielding the ionic strength. For the mixed DOPG:DOPC (60:40 mol/mol) membranes, the corresponding ionic strength dependence is given by (cf. Eq. 18):
where the additional terms correspond to reduction in anionic lipid content and the lateral redistribution of the lipids on protein binding, respectively. The linearity in the mixed membrane case and the identity of slope with that for DOPG membranes alone imply that the local relative association constant K r does not depend appreciably on the ionic strength.
The gradients of the ionic strength dependence, ϪZ Ϫ 0.0315Z 2 , in Eqs. 19 and 20 yield an effective protein charge of Z ϭ 3.7 that governs the electrostatic enrichment of the protein concentration at the membrane surface. This effective value of Z is the same for the single-and mixedlipid membrane systems. The absolute values of the binding constants are smaller for the mixed-lipid system than for , yielding an effective value of Z ϭ 3.7 in both cases. From comparison with the data for DOPG alone, a relative binding constant of K r ϭ 3.3 (for ␣ ϭ 13) or K r ϭ 4.8 (for ␣ ϭ 7.8) is deduced for the DOPG:DOPC mixture by using Eq. 18. These two values of ␣ are deduced from the VdW and SPT isotherms, respectively, in the saturation region for DOPG alone (see Fig. 4 ). The lower dotted line represents the values predicted for the DOPG:DOPC mixture from Eq. 8, assuming a homogeneous distribution without lipid rearrangement on protein binding (i.e., K r ϭ 1). The filled triangles represent the values of the binding constant used in Fig. 4 b. membranes composed entirely of DOPG, as is expected. However, the binding constants for DOPG:DOPC (60:40 mol/mol) mixed membranes are considerably greater than would be predicted for a homogeneous lipid mixture. The latter, obtained from Eq. 20 with K r ϭ 1, are shown by the lower dashed line in Fig. 3 . Taking values of the lipid stoichiometry, ␣, deduced from the complete binding isotherm for membranes of DOPG alone (see later) allows determination of the surface association constant for DOPG relative to DOPC: K r ϭ 3.3 for ␣ ϭ 13 (VdW) and K r ϭ 4.6 for ␣ ϭ 7.8 (SPT). These values for the relative affinities are deduced from the difference between the two dashed lines in Fig. 3 by using Eq. 18.
The value obtained for the effective protein charge of Z ϭ 3.7 for interaction with both DOPG and mixed DOPG/ DOPC membranes deserves some comment. This is less than the formal net change of ϩ9 on the protein (Heimburg and Marsh, 1995) . The positively charged residues on cytochrome c that can, in principle, interact with negatively charged lipid headgroups are distributed in approximately equal amounts on opposite faces of the protein (Dickerson et al., 1971) . The reduced effective change for interaction with negatively charged surfaces that is parameterized by electrostatic double-layer theory therefore arises, at least in part, from the finite size of cytochrome c relative to the Debye length of the double layer. As already mentioned, the nonuniform surface distribution of the protein charge on the membrane also contributes to the reduction in effective charge of the protein. Using the complete expressions from electrostatic double-layer theory, rather than the high potential limit introduced in the Theory section, still yields a very similar value of the effective protein charge, Z ϭ 3.6, from the data in Fig. 3 . The conjugate value of the intrinsic binding constant (K 0 ) is correspondingly increased by a factor of ϳ3, but this has the compensating effect of yielding predicted binding isotherms that are practically identical to those calculated using the high potential limit.
It will be noted that the results given in Fig. 3 are free of uncertainties regarding the accessibility of lipid to protein because they are obtained only from the initial stages of protein binding.
Binding curves
The complete experimental binding isotherms for association of cytochrome c with DOPG:DOPC mixed membranes at mole ratios from 100:0 to 40:60 are given in Fig. 4 ] ϭ 45 mM was fitted to Eqs. 6 and 7 by using values of K(0) and Z obtained from Fig. 3 . This yields values for the lipid stoichiometry of ␣ ϭ 13 from the VdW isotherm (Eq. 6) and ␣ ϭ 7.8 from the SPT isotherm (Eq. 7). Both models yield equally good fits to the experimental binding isotherm for DOPG alone, but differ in the lipid stoichiometry deduced because of the difference in treatment of the excluded area terms (cf. Chatelier and Minton, 1996) . For the VdW isotherm it was assumed that a ϭ 0 for the protein-protein interaction term, as found previously for native cytochrome c (Heimburg and Marsh, 1995) . . The solid lines are SPT isotherms calculated from Eq. 16, together with Eqs. 8, 10, and 14, and the dashed lines are the corresponding VdW isotherms from Eq. 15 with a ϭ 0. In each case Z ϭ 3.7, and the lipid/peptide stoichiometry, ␣, has a value adjusted to fit the isotherms for DOPG alone (100:0) at 45 mM ionic strength in a. The latter yields ␣ ϭ 7.8, K r ϭ 4.8 for SPT and ␣ ϭ 13, K r ϭ 3.3 for VdW (see also Fig. 3) . In a, the binding constants are obtained from the linear regressions in Fig. 3 , and in b, the binding constants are given by the filled triangles in Fig. 3 . The dashed-and-dotted and dotted lines are corresponding isotherms for DOPG:DOPC 40:60 mol/mol calculated with K r ϭ 6.5 (SPT) and K r ϭ 4.5 (VdW), respectively.
Taking these values of ␣ from the DOPG isotherm, it is then possible to obtain the value of K r , which governs the lipid redistribution on protein binding, as was described in the previous section (see Fig. 3 legend) . Using this value together with the other parameters, K(0) and Z, derived from Fig. 3 , it is then possible to predict the isotherms for binding cytochrome c to the various lipid mixtures at different ionic strengths. This is done by using the full isotherms given by Eq. 15 or 16 for the two models, together with Eqs. 8, 10, and 14. The results of these predictions for an ionic strength specified by [Na ϩ ] ϭ 45 mM are compared with the experimental binding isotherms in Fig. 4 a. The predictions agree quite well with the measured values for both models, VdW and SPT, within the experimental accuracy without making any adjustments in the parameters. Only at lower contents of charged lipid and low degrees of surface coverage are some discrepancies seen. The latter can be allowed for by conservative adjustment of the fixed values of K r that were used in predicting the isotherms. Simply increasing K r by less than 50% produces a much better agreement with the experimental isotherms for mixtures with high DOPC content. The predictions with self-consistent values of K r ϭ 6.5 (SPT isotherm) and K r ϭ 4.5 (VdW isotherm) are given in Fig. 4 a for the DOPG:DOPC 40:60 mol/mol mixture that shows the largest discrepancies. Correspondingly smaller adjustments in K r for the DOPG:DOPC 60:40 mol/mol mixture would also improve the agreement. Possibly there is a limited but progressive increase in K r , corresponding to an increased intrinsic strength of interaction with the PG component, as the PC content in the mixtures increases. It should also be noted, however, that the experimentally determined degree of binding may be underestimated at high cytochrome c concentrations for lipid mixtures with high DOPC content. This is because of potential problems with accessibility that might not have been fully allowed for by the different sample preparation protocols used (see Materials and Methods).
Corresponding isotherms for a higher ionic strength specified by [Na Fig. 3 . It is seen that they lie practically within the range of experimental uncertainty for these values.
The experimental binding isotherms for DOPG:DOPC (60:40 mol/mol) mixed lipid membranes are compared in Fig. 5 with predictions for the two extreme cases of the lateral lipid distribution that are depicted by the top and bottom parts of Fig. 1 . In both cases, the value of Z ϭ 3.7 obtained from Fig. 3 and the values of ␣ obtained from the isotherm for DOPG alone in Fig. 4 a are used in calculating the theoretical isotherms. It is again assumed that a ϭ 0 for the VdW approximation. For a homogeneous lipid mixture, the binding isotherms are calculated from Eqs. 6 and 7, The two lowest curves are isotherms for binding to a homogeneous mixture of charged and zwitterionic lipids, given by Eq. 6 with a ϭ 0 (VdW), or by Eq. 7 (SPT) and Eq. 8. The two uppermost curves are isotherms for binding to membranes with complete macroscopic demixing of the charged and zwitterionic lipids. These latter isotherms are given by the same equations as for homogenous mixing but with replaced by /f A , and elsewhere f A ϭ 1, as described in the text. The middle curves are the isotherms for redistribution of lipids on protein binding according to the law of mass action, as given by Eq. 15 with a ϭ 0 (VdW), or Eq. 16 (SPT), together with Eqs. 8, 10, and 14. corresponding to the VdW and SPT isotherms, respectively. These predictions are given by the lowermost curves in Fig.  5 . It is seen that, over the entire range of cytochrome c concentrations, the degree of binding measured is much greater than that expected if the lipids remain mixed homogeneously. This is in agreement with the conclusions already reached for the initial regime of low protein concentrations (Fig. 3) . For a complete macroscopic demixing of the negatively charged and zwitterionic lipids, the binding isotherms are given by Eqs. 6 and 7 in which is replaced by /f A and f A ϭ 1, at each explicit occurrence in these equations (see Theory section). These predictions are given by the uppermost curves in Fig. 5 . The measured degree of binding is seen to be less than that predicted for this other extreme case at both ionic strengths. The experimental binding isotherms lie between those predicted by the two extreme models and correspond to a partial demixing of the lipids on protein binding that can be described satisfactorily by the law of mass action.
Limiting binding
The degree of surface coverage obtained in the presence of an excess of cytochrome c (roughly equal to the total number of protein binding sites) is given in Fig. 6 as a function of the mole fraction of charged lipid, f DOPG , for membranes at two different ionic strengths. Under these conditions, the preponderance of the protein is free in solution. A sigmoidal-like dependence of the cytochrome c binding on the DOPG content of the membranes is obtained. Qualitatively similar results on this apparent cooperativity of lipid binding have been obtained for the association of pentalysine and related peptides with PG:PC mixed membranes (Mosior and McLaughlin, 1922a,b) . Predictions of the degree of binding at stoichiometric concentrations of cytochrome c obtained from the three different models for the lipid distribution are also given in Fig. 6 . The measured dependence on negatively charged lipid content of the membrane clearly is not compatible with a complete macroscopic demixing of the lipid components. For the latter to be the case, a strictly linear dependence on f DOPG is required. Retention of a homogeneous mixture of the lipid components yields a sigmoidal-like dependence on f DOPG but underestimates the degree of binding for the parameters established from Figs. 3 and 4 a. The dependence of cytochrome c binding on the mole fraction of the DOPG component can be described almost quantitatively, however, by the model that assumes a lateral redistribution of DOPG and DOPC according to their relative local affinities for cytochrome c. Electrostatic gathering at the membrane surface coupled to lateral redistribution of the lipids under the influence of the bound protein are sufficient to account for the apparent cooperativity, as was pointed out previously (Mosior and McLaughlin, 1992a) .
DISCUSSION
The analysis of the cytochrome c binding isotherms for DOPG:DOPC mixed membranes indicates that a redistribu- ] ϭ 90 mM. Data are compared with predictions from the three models for the lipid distribution, using the parameters given in the legends to Figs. 3 and 4. The middle curve is calculated from Eq. 15 with a ϭ 0 (together with Eqs. 8, 10, and 14) and corresponds to lipid redistribution on protein binding. The upper and lower curves correspond to macroscopic demixing and homogeneous mixing of the lipids, respectively, and are obtained from Eq. 6 with modifications described in the text for the former case. Predictions from the SPT model are not shown but are very close to those given for the VdW model approximation.
tion of the lipids takes place within the plane of the membrane on binding the protein. Phosphatidylglycerols and phosphatidylcholines with identical acyl chains are known to mix very well in hydrated membranes (Findlay and Barton, 1978; Garidel et al., 1997) . Nevertheless, the binding of cytochrome c to DOPG:DOPC membranes is considerably greater than that predicted for a homogeneous lipid mixture. Complete demixing of the two lipid components is not achieved in the presence of an excess of cytochrome c, however, because the extent of binding is less than that predicted for this limiting case. Instead, the augmentation in binding, above that for homogeneously mixed lipids, can be described by a lateral redistribution of the lipids according to their relative affinities for the surfacebound protein.
The extent of lipid redistribution on protein binding is a significant membrane parameter that can be determined from the foregoing analysis. In Fig. 7 , the fractional lipid composition of the membrane regions to which the protein is bound is compared with the total lipid composition of the mixed membrane. The fraction of the lipid associated with the protein that bears a charge is given by f A b /, where is the fraction of the total lipids to which protein is bound and f A b is the corresponding quantity for the charged lipids. This quantity is obtained from Eq. 10 in the limit of low protein binding, i.e., for a situation where each protein binds independently to the membrane without appreciably affecting the binding of subsequent proteins. The composition of the protein-associated regions of the membrane is given for various values of the relative lipid association constant, K r , which span those determined here for cytochrome c and DOPG:DOPC membranes. It is clearly seen from Fig. 7 that the enrichment in negatively charged lipid content of the protein regions is considerable, and corresponds to the reduction in dimensionality for association within the membrane surface, in comparison with that in bulk solution (cf. Mosior and McLaughlin, 1992a; Brotherus et al., 1981) . For instance, for a 60:40 mol/mol DOPG:DOPC mixed membrane the lipid associated with cytochrome c consists of 80 -90% DOPG, and for a 40:60 mol/mol DOPG:DOPC mixture is still composed of 70% or more DOPG. At high degrees of protein binding this would cause a most appreciable depletion in negatively charged lipid of the proteinfree membrane domains.
Much emphasis in this work has been put on the inhomogeneous surface lipid distribution that results from binding of peripheral proteins to membranes. This has been derived in terms of the relative affinities of the different lipid components for the surface-bound protein and the distributional free energy arising from the combinatorial statistics of the various lipid arrangements. A somewhat similar approach to the membrane binding of peripheral proteins has been introduced by Mosior and McLaughlin (1992a) and by Cutsforth et al. (1989) . The relative lipid affinities were described in the former case in terms of a three-dimensional intrinsic binding constant that was modulated by an effective surface concentration of the lipids, and in the latter case by a surface binding constant defined in terms of the mole fraction of the membrane lipid components. Here, on the other hand, we have used a relative lipid binding constant, which has the advantage that it may be compared directly with corresponding data obtained for the selectivity of lipid interactions with integral membrane proteins (Marsh, 1985) and leads in a natural way to a description of the lipid distributional statistics. Interestingly, it is concluded from the data presented in Fig. 3 that the relative surface association constant, K r , does not depend appreciably on ionic strength. No deviations are observed from the ionic strength-dependence predicted for the electrostatic enhancement in surface protein concentration that could be attributed to an ionic strength-dependence of K r (cf. Eqs. 8 and 18). This arises from the local surface nature of the lipid exchange equilibrium. The bound protein presumably is closely associated with the lipid headgroups such that intervening ions which might screen their mutual interaction are excluded from this region. Evidence has previously been advanced that partial dehydration of the surface takes place on binding cytochrome c to negatively charged lipid membranes (Sankaram et al., 1990) , which is consistent with this latter conclusion.
Determination of the relative association constant, K r , requires knowledge of the lipid stoichiometry, ␣, of the protein binding region. The latter has been obtained from two separate models for the full protein binding isotherms by using either a Van der Waals description or a hard-disc treatment based on SPT. These give rise to two different values of ␣ and hence of the lipid binding constant, K r . The VdW approach is thought to underestimate the steric repulsions between bound proteins (Chatelier and Minton, 1996) , whereas SPT somewhat overestimates hard-disc pressures (Boublík, 1975) . The lipid-protein stoichiometry obtained from the VdW approximation, ␣ ϭ 13, is somewhat at the high end of the values expected for cytochrome c binding, and that from SPT, ␣ ϭ 7.8, is appreciably smaller than is expected on geometric grounds. Globular cytochrome c can be approximated as a prolate ellipsoid of dimensions 3.0 ϫ 3.4 ϫ 3.4 nm (Dickerson et al., 1971) , which corresponds to a cross-sectional area of 8 -9 nm 2 facing the lipid surface. This value must be increased by a factor of ϳ2 ͌ 3/, corresponding to the area occupied by closely packed circular discs. The surface area occupied by a DOPC molecule is in the range 0.70 -0.82 nm 2 (Marsh, 1990) . Thus, the values predicted for the lipid stoichiometry are in the range ␣ ϭ 11-14 DOPG/DOPC molecules per cytochrome c. It therefore seems likely that the value for the relative lipid binding constant lies intermediate within the range K r (PG: PC) ϭ 3.3-4.8 that is determined for the VdW and SPT stoichiometries, respectively. Discrimination between the VdW and SPT models cannot be made on the basis of the binding isotherms, other than in the quantitative values derived for ␣, because both models describe the experimental results equally well.
It should be noted that estimation of the relative association constant K r from the data given in Fig. 3 requires use of the electrostatic model as expressed in Eq. 8. The reliability of these values therefore rests on the extent to which experimental parameterization by means of the effective value of the protein charge, Z, accounts for the limitations of the simple double-layer theory with respect to finite protein size and discreteness of protein distribution on the membrane surface. The consistency of the predictions of the model with the full experimental binding curves determined under a variety of conditions (Fig. 4) , when conservative adjustments are made in the relative association constant (K r ), suggests that a reasonable degree of reliability is achieved.
The intrinsic surface affinity for cytochrome c of phosphatidylglycerol relative to phosphatidylcholine corresponds to a free energy difference of ⌬G(PG:PC) ϭ ϪRT ln K r ϭ Ϫ(3.1-4.0) kJ/mol at 37°C. This relatively modest free energy difference, however, gives rise to a strong preferential association of DOPG with cytochrome c, as seen in Fig. 7 , because of the high effective surface concentrations in the membrane. Correspondingly, this preferential affinity for DOPG greatly enhances the membrane binding of cytochrome c, as seen already from Fig. 5 . Formally, this enhanced binding is described by the composite equilibrium constant K LD (0, f A , K r ) (see Fig. 2 ) that depends on both the relative binding constant K r and the lipid stoichiometry ␣.
The values for the relative association constant and free energy of interaction of phosphatidylglycerol with cytochrome c that are determined here lie within the range of those found for the selective interaction of different spinlabeled phospholipid species with integral membrane proteins (Marsh, 1985 (Marsh, , 1995 . Although the latter mostly display a specificity for anionic lipids, an interesting feature is that phosphatidylglycerol generally does not display a selectivity of interaction with integral proteins relative to phosphatidylcholine. This difference between the two types of membrane proteins probably lies not only in a different amino acid disposition, but also in the different topography of the lipid interactions with peripheral and integral proteins, respectively. As mentioned in the Introduction, several spectroscopic studies have indicated a preferential inplane interaction of negatively charged phospholipids with peripheral proteins. In ESR studies, these have been used to establish a hierarchy of interactions of spin-labeled lipids (at probe amounts) with a range of peripheral proteins (Sankaram et al., , 1990 . With certain assumptions, the latter were also used to obtain approximate values for the relative association constants: a value of K r (PG:PC) ϳ2 was estimated for the interaction of phosphatidylglycerol relative to phosphatidylcholine with cytochrome c. The present thermodynamic determinations suggest that the assumptions made in these approximations must be modified and that the values of K r obtained from ESR must be corrected upward. Spin-labeled lipids that experience a greater perturbation than phosphatidylglycerol on binding cytochrome c, e.g., phosphatidylinositol, are, however, expected to have larger values of K r than those reported here.
This study has been devoted to pairs of lipids that mix well in the absence of protein, and therefore constitutes the most sensitive test of the model used to describe the influence of lipid redistribution on protein binding. It will be noted, however, that the treatment applies also to lipids that have an inherent tendency either to phase separation or to a more uniform ordered distribution. In these latter cases, the protein binding will tend more to be determined by the lipid mixing properties than by the relative selectivity of interaction with the protein.
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APPENDIX

Statistical thermodynamic derivation of the fraction of protein-associated lipid
